In the long-range neuronal migration of adult mammals, young neurons travel from the subventricular zone to the olfactory bulb, a long journey (millimeters to centimeters, depending on the species). How can these neurons migrate through the dense meshwork of neuronal and glial processes of the adult brain parenchyma? Previous studies indicate that young neurons achieve this by migrating in chains through astrocytic tunnels. Here, we report that young migrating neurons actively control the formation and maintenance of their own migration route. New neurons secrete the diffusible protein Slit1, whose receptor, Robo, is expressed on astrocytes. We show that the Slit-Robo pathway is required for morphologic and organizational changes in astrocytes that result in the formation and maintenance of the astrocytic tunnels. Through this neuron-glia interaction, the new neurons regulate the formation of the astrocytic meshwork that is needed to enable their rapid and directional migration in adult brain.
INTRODUCTION
In the developing brain, immature neurons are produced in specific brain regions and migrate to their final destinations, where they assume their mature neuronal functions. Previous studies have established that this process is controlled by various extracellular signals in the neurons' surroundings that are mediated by transmembrane receptors expressed on the migrating neurons (Hatten, 2002; . However, little is known about the role migrating neurons may play in the formation and maintenance of their own migration route.
In the adult brain, new neurons are continuously generated in the subventricular zone (SVZ) at the lateral walls of the lateral ventricles, and they migrate into the olfactory bulb (OB), located at the anterior tip of the telencephalon. Throughout life, newly generated immature neurons migrate through the rostral migratory stream (RMS), the pathway leading to the OB (Doetsch and Alvarez-Buylla, 1996; Jankovski and Sotelo, 1996; Lois and Alvarez-Buylla, 1994; Petreanu and Alvarez-Buylla, 2002) . How can these neurons migrate through the dense meshwork of neuronal and glial processes of the adult brain parenchyma? During migration, the neurons in the RMS are unipolar or bipolar, with extended leading and trailing processes, and they form elongated cell aggregates called ''chains,'' within which they move over and past one another. The chains of neurons move inside tunnels formed by astrocytic processes, referred to as ''glial tubes'' (Jankovski and Sotelo, 1996; Kaneko and Sawamoto, 2009; Lois et al., 1996; Okano and Sawamoto, 2008) . In several lines of mutant mice, aberrant astrocytic-tube formation is accompanied by a disruption in new-neuron chain migration (Anton et al., 2004; Belvindrah et al., 2007; Chazal et al., 2000; Ghashghaei et al., 2006) , suggesting that efficient neuronal migration in the adult brain depends on interactions between the neurons and the astrocytic tubes. Some of these interactions are known. For example, the astrocytes in the RMS not only physically separate the chains of new neurons from the surrounding parenchyma, but also control neuronal migration by taking up GABA secreted from the migrating neurons (Bolteus and Bordey, 2004) , releasing an activating factor (Mason et al., 2001) , trapping vascular endothelial cell-derived BDNF (Snapyan et al., 2009) , and expressing nonsoluble factors (Garcia-Marques et al., 2009 ). However, little is known about how the tubular astrocytic structures are maintained or how their interactions with migrating neurons are regulated.
The Slit proteins, large diffusible proteins whose receptors are the Robo transmembrane proteins, guide extending axons and migrating neurons in the CNS through chemorepulsion (Andrews et al., 2006 (Andrews et al., , 2007 Brose et al., 1999; Nguyen Ba-Charvet et al., 1999; Plump et al., 2002; Wu et al., 1999) . Slit1 and Slit2 are expressed in periventricular tissue and repel new neurons (Hu, 1999; Hu and Rutishauser, 1996; Wu et al., 1999) . Slit1 is also expressed by the neurons migrating in the SVZ-RMS-OB pathway, and it appears to have a cell-autonomous role in their migration (Nguyen-Ba-Charvet et al., 2004) .
We show here an unexpected mechanism that the new neurons use to support their long-distance directional migration in the adult brain. Our results reveal that the RMS astrocytes express Robo receptors and respond to the repulsive activity of the neuron-secreted Slit by forming and maintaining glial tubes.
RESULTS

New Neuron Migration Is Disturbed in the RMS of Slit1 Knockout Mice
We first examined the morphology of the mouse SVZ-RMS-OB pathway in Hoechst-stained sagittal sections (Figures 1A and 1B). In Slit1-deficient (S1 À/À ) mice, the anterior part of the SVZ and proximal part of the RMS were thickened, whereas the distal (rostral) part of the RMS was thinned. We quantified the number of proliferating and apoptotic cells throughout the RMS pathway by labeling cells for BrdU incorporation and cleaved caspase-3, respectively. There were no significant differences in these values between the WT and S1 À/À brains (BrdU: WT, 4440 ± 374 cells versus S1
À/À , 5296 ± 497 cells, p = 0.231; cleaved caspase-3: WT, 203 ± 44 cells versus S1 À/À , 242 ± 27 cells, p = 0.434), suggesting that the loss of Slit1 did not affect the proliferation or survival of the cells in this region. However, the new neurons apparently accumulated in the anterior SVZ and proximal RMS of the S1 À/À mice.
To examine the migration defects of the new neurons in the S1
À/À RMS, we compared their movement in S1 À/À and WT brain slices in culture ( Figures 1C-1E ). To observe the migrating neurons, a DiI crystal was applied to the posterior part of the RMS in sagittal brain slices containing the SVZ-RMS-OB pathway. Time-lapse recordings of the DiI-labeled cells in the WT brain slices revealed that most neurons migrated rapidly along the RMS toward the OB, as previously reported (Murase and Horwitz, 2002) . However, in slices prepared from S1
À/À mice, the migration of the DiI-labeled cells was significantly slower (40% reduction in speed) ( Figures 1C-1E and Movie S1).
To investigate the effects of the Slit1 mutation on neuronal migration in vivo, we stereotaxically injected a recombinant retrovirus encoding alkaline phosphatase (AP) into the anterior part of the SVZ and counted the number of labeled cells in the SVZ, RMS, and OB 3 days later ( Figures 1F-1K ). There was no significant difference in the total number of AP-labeled cells in the brains of the WT and S1
À/À mice, indicating that Slit1 deficiency does not affect the infection or proliferation of the new neurons in the SVZ and RMS. However, the proportion of cells that reached the OB was significantly reduced in the S1
À/À mice ( Figure 1K ). Together, these results clearly indicated that the migration of new neurons to the OB was disturbed in the S1 À/À brain.
Efficient Migration through the RMS Requires
Cell-Autonomous and Non-Cell-Autonomous Effects of Slit1 Expressed by the Migrating New Neurons To examine whether it is necessary for a new neuron to express Slit1 for its own migration, we compared the migratory behavior of WT and S1 À/À new neurons labeled with different fluorescent dyes (red for WT and green for S1 À/À ) in the RMS of WT brain slices, by two-color time-lapse recording ( Figure 2 ). S1 À/À cells transplanted into the S1 À/À RMS (Figures 2D and 2E, green) showed slower migration than WT cells transplanted into the WT RMS (Figures 2B and 2C, red) , similar to the cells labeled with DiI in the WT and S1 À/À brain slices ( Figures 1C and 1D ).
S1
À/À new neurons migrating in the WT RMS also showed significantly slower speeds compared with Slit1-expressing WT cells ( Figures 2B, 2C , and 2F). Thus, for rapid migration, the new neurons appeared to require Slit1 in a cell-autonomous manner.
We next examined whether Slit1-expressing WT cells could migrate normally in a Slit1-deficient RMS ( Figures 2D and 2E ) by transplanting mixed aggregates of WT and S1 À/À cells into a S1 À/À brain slice. The WT cells in the S1 À/À RMS ( Figures 2D and 2E, red) showed slower and more irregular migration than those in the WT RMS (Figures 2B and 2C, red) , suggesting that the normal migration of new neurons also required Slit1 expression by the surrounding new neurons (Movie S2). We also tested whether the two dyes used in this experiment affected the new-neuron migration differently. WT cells were labeled with either the red or green fluorescent dye and transplanted into WT brain slices, but there were no significant differences in the migratory behaviors of the two groups of cells (data not shown).
Taken together, these results indicated that Slit1 derived from both the new neurons themselves and the surrounding new neurons in the RMS is necessary to regulate the migration of new neurons to the OB. and WT cells transplanted into S1 À/À slices (p = 0.0002) was significantly reduced. The S1 À/À cell migration speed was even slower in S1 À/À slices (S1 À/À cells in WT RMS versus S1 À/À cells in S1 À/À RMS: p = 0.0041, WT cells in S1 À/À RMS versus S1 À/À cells in S1 À/À RMS: p = 0.0007). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate ±SEM. See also Movie S2.
Neuron
Glial Tunnel Formation by Migrating Neurons (Tamada et al., 2008) . As previously reported (Nguyen-BaCharvet et al., 2004) , the chain-forming new neurons in the SVZ and RMS expressed Slit1/GFP (green). They also expressed Robo2 (red), as expected (Long et al., 2007; Nguyen-Ba-Charvet et al., 2004) . In addition, stronger Robo2 immunoreactivity was observed in Slit/GFP-negative cells in the RMS. Double immunostaining of Robo2 with cell-specific markers for new neurons (Dcx) and astrocytes (GFAP) showed that Robo2 was expressed strongly in the processes and soma of the astrocytes forming the glial tubes and weakly in the new neurons ( Figures 3B and 3C) . Furthermore, the astrocytic expression of Robo2 was observed almost exclusively in the SVZ-RMS-OB pathway and the corpus callosum overlying the SVZ and was undetectable in the hippo- campus and neocortex (data not shown).
Because it was difficult to distinguish the processes of new neurons from those of astrocytes in the RMS, where they were tightly associated, we confirmed the above expression pattern using dissociated SVZ cells plated on coverslips. We clearly observed Robo2 protein in the soma and processes of both astrocytes and new neurons (Figures 3F and 3G) . Consistent with a previous report on the localization of Robo1 mRNA (Nguyen-Ba-Charvet et al., 2004), we did not detect Robo1 protein in the SVZ or RMS (data not shown). Robo3 was detected in the new neurons and astrocytes in the RMS, but its expression was stronger in the mature neurons of the neocortex and striatum ( Figures 3D and 3E ). In summary, the ligand Slit1 was expressed in the migrating new neurons, whereas its receptors Robo2 and Robo3 were expressed in both the new neurons and astrocytes. These expression patterns suggest that SlitRobo signaling is involved in the interaction between new neurons and their surrounding astrocytes in the RMS and is not simply a directional cue for migrating neurons.
Cellular Organization of the RMS Is Disrupted in S1
À/À Mice
To investigate whether Slit-Robo signaling affects the cellular organization of the RMS, sagittal and coronal sections of S1
and WT mouse brains were immunostained with antibodies to SVZ and RMS ( Figure 1B ), they still formed elongated chain-like aggregates, some of which were closely associated with adjacent blood vessels, much as in WT brains (Snapyan et al., 2009 ) (Figures S1A and S1B). However, the distribution and directionality of the astrocytic processes were altered in the S1 À/À RMS ( Figures 4A-4D ). In the WT RMS, most of the astrocytic processes were oriented parallel to the chains of migrating new neurons. In contrast, irregular astrocytic processes were frequently observed running across the chains of new neurons in the S1 À/À RMS. The proportion of the area inside the RMS occupied by GFAP+ processes in the S1 À/À brains was more than twice that in the WT brains ( Figure 4E ). To corroborate and extend this observation at higher resolution, we used electron microscopy. As described previously (Doetsch et al., 1997; Jankovski and Sotelo, 1996) , the processes of astrocytes could be identified at the ultrastructural level by their light cytoplasm, which contained glycogen granules. They were readily distinguishable from the processes of new neurons in the RMS, which had a dark cytoplasm and contained many ribosomes ( Figures 4F-4I ). There was no significant difference in the percentage of astrocytic cell bodies among the identified cells in the RMS between the WT and S1
À/À brains ( Figure 4J ). However, in the S1 À/À RMS, astrocytic processes were observed within aggregates of new neurons. Such intermingling was rarely seen in the WT RMS ( Figure 4K ). The disorganization of glial tubes in the S1 À/À RMS suggests that the Slit1 secreted by new neurons may facilitate their migration by actively preventing astrocytic processes from invading the migratory conduits within chains.
Slit Repels SVZ/RMS Astrocytes
The astrocytic expression of Robos ( Figure 3 ) combined with the disorganization of the astrocytic tubes in Slit-deficient mice ( Figure 4 ) strongly suggested that Slit can directly control the organization of astrocytes. To test this possibility, we performed an in vitro repulsion assay using a Slit-expressing HEK cell line (Wu et al., 1999) and primary cultured astrocytes dissociated from the SVZ and RMS. First, we examined the effect of Slit on the proliferation and survival of the astrocytes by culturing the astrocytes for 48 hr with conditioned medium from either Slitexpressing HEK cells or control, non-Slit-expressing HEK cells. The astrocytes were then double stained for GFAP and a mitotic cell marker, Ki67, or an apoptotic cell marker, cleaved caspase-3. There was no significant difference in the number of GFAP+ cells, i.e., astrocytes, or in the percentage of astrocytes expressing Ki67 or cleaved caspase-3 between the two culture conditions (data not shown), suggesting that Slit does not affect the proliferation or survival of SVZ/RMS astrocytes. We next tested the effects of Slit on the migration of these astrocytes. For this purpose, the astrocytes were cocultured on plastic plates with small pieces of collagen gel containing Slit-expressing HEK cells or control HEK cells ( Figures 5A-5C ). After 4 days of culture, the distribution of astrocytes on the edges of the gel pieces was compared between the Slit and control groups. To quantify the GFAP+ cells, we measured the 500 mm wide strip just inside the edge of the gel piece and compared the GFAP+ area with the total area of the strip. Significantly fewer astrocytes lay on the Slit-containing gels than on the non-Slitcontaining gels ( Figures 5B-5D ), suggesting that the astrocytes were repelled by Slit.
To investigate whether this repulsive effect of Slit was mediated by the Robo receptors expressed on the astrocytes, we used a dominant-negative form of Robo1 (Robo DN), which lacks the intracellular domains required for signal transduction (Hammond et al., 2005; Shiau et al., 2008) (Figures 5E-5K ). The Robo DN-transfected SVZ/RMS astrocytes showed no significant change in proliferation, apoptosis, or Slit-independent migration activity compared with control astrocytes transfected with a vector encoding GFP (Figures S2A-S2I ). However, compared with the controls (Figures 5F, 5G , and 5J), the Robo DNtransfected astrocytes were considerably less affected by Slit ( Figures 5H, 5I , and 5K). Moreover, Robo2 or Robo3 knockdown Figure S1 .
by an shRNA-encoding lentivirus also suppressed the repulsive activity of Slit ( Figures S2J-S2R ), suggesting that Robo2 and Robo3 mediated the repulsion of the astrocytes by Slit, at least in part.
We further examined the possibility that neuronal Robos influences the arrangement of the astrocytes (Figures S2S-S2Z ). To knock down the Robo2 and Robo3 specifically in new neurons, new neurons dissociated from a P0-2 mouse SVZ were infected with lentiviruses encoding either Robo2 shRNA, Robo3 shRNA, or a control sequence. The new neurons infected with each virus were then drop-cultured, mixed with astrocytes, and plated as aggregates on a laminin-coated dish. Twenty-four hours later, the new neurons had migrated out of the aggregates to a similar extent, regardless of the Robo knockdown or Slit1 knockout (data not shown). Subsequently, the astrocytes began to extend their processes along the WT migrating new neurons ( Figures  S2S and S2T) . Notably, the migration of Slit1 À/À new neurons associated with astrocytes was significantly disturbed ( Figures  S2U and S2V ). Consistent with our in vivo observation ( Figures  4A-4D ), the normal arrangement of the astrocytic processes was markedly disrupted when they were cocultured with Slit1-deficient new neurons ( Figures S2U and S2V ), further confirming our conclusion that neuronal Slit1 is required for the astrocytic arrangement. On the other hand, we did not observe any such disturbance in astrocytes cocultured with new neurons infected with lentiviruses encoding Robo2 or Robo3 shRNA ( Figures  S2W-S2Z ). Taken together, these results suggest that the neuron-derived repulsive factor Slit1 and its receptors that are expressed on astrocytes, rather than on neurons, directly control the organization of the glial tube.
Newly Generated Neurons Control the Morphology of SVZ/RMS Astrocytes to Promote Their Own Migration Finally, using new-neuron-astrocyte cocultures and time-lapse imaging, we studied the role of Slit-Robo signaling in the astrocytic control of neuronal migration and in the neuron-induced morphological changes in SVZ/RMS astrocytes. Aggregates of SVZ new neurons from WT or S1 À/À mice were placed on plastic dishes with or without SVZ/RMS astrocytic feeder layers. On the dishes without astrocytes, there was no significant difference in the distance or speed of migration between S1 À/À and WT new neurons ( Figures 6A, 6B , 6E, S3A, S3D, and S3G). However, when S1 À/À new neurons were plated on a monolayer of astrocytes, they migrated significantly more slowly than WT new neurons ( Figures 6C, 6D , 6F, S3B, S3C, S3E, S3F, and S3H). This result suggested that Slit1 0 s promotion of neuronal migration depends on astrocytes.
To test whether the Slit1-expressing neurons directly induced morphological changes in astrocytes, we observed the astrocytes making contact with new neurons, by z-stack time-lapse imaging of genetically labeled new neurons (Dcx-DsRed; Wang et al., 2007) and astrocytes (Gfap-EGFP) cocultured in a 3D gel. Under these conditions, the cells were suspended and freely moving in 3D space, which better mimics the in vivo physical environment than does monolayer culture. Interestingly, furrows formed on the astrocytes' membrane where they contacted the migrating new neurons (arrows in Figures 7A-7C and Movie S3). To examine whether astrocytes making contact with new neurons displayed a similar morphology in vivo, we observed the 3D structure of the glial tubes surrounding the chains of new neurons by the confocal imaging of serial optical sections taken from the whole-mount SVZ. Using Gfap-EGFP mice, we 
0094). (E-K) Effects of Slit on astrocytes transfected with dominant-negative Robo (Robo DN). Cultured astrocytes dissociated from the SVZ and RMS were transfected with GFP-tagged Robo DN (H and I) or GFP (F and G), then cocultured with Slit-secreting or control HEK cells in collagen gel for 60 hr (E).
Images show GFP+ cells near the edge of the control (F and H) and Slit-containing (G and I) HEK-cell-mixed gel. Graph shows the percentage of GFP+ GFAP+ astrocytes on the gel within 500 mm of its edge divided by the number in the 1000 mm wide space from 500 mm inside to 500 mm outside the gel border (J and K). The percentage of GFP-transfected astrocytes was significantly lower on Slit-containing gel pieces than on controls (J, p = 0.0026). This difference was not seen using astrocytes transfected with Robo DN-GFP (K). Error bars indicate ±SEM. Scale bars: 200 mm. See also Figure S2 .
could visualize the morphology of the astrocytic membrane in contact with new neurons. The membrane of astrocytes formed clear invaginations with a size and shape that could accommodate the rounded outline of the chains of new neurons (Figure S4A) , consistent with the observations in cultured cells (Movie S3). We further examined the fine morphology of the contact sites of the astrocyte membrane with new neurons by EM analyses. Close examination of coronal RMS sections revealed clear invaginations in the cell bodies of astrocytes along the contours of chain-forming new neurons ( Figures S4B-S4E ).
To determine whether these dynamic morphological changes were mediated by the Robo receptors on the astrocytes, aggregates of SVZ new neurons were placed on a monolayer of astrocytes transfected with either GFP-tagged Robo DN or GFP Figure S4 and Movies S3, S4, and S5.
alone, and the morphology of these astrocytes was recorded. Similar furrows were formed on the membrane of both types of astrocytes where they contacted the migrating new neurons, but at a significantly lower frequency in the Robo DN-expressing astrocyte culture than in the control one ( Figures 7D-7F and Movie S4). There was no significant difference in the spontaneous movement of the Robo DN-expressing and control astrocytes, suggesting that Robo DN does not affect general morphological changes in astrocytes that are not mediated by Slit-Robo signaling. New neurons from S1 À/À mice induced similar furrows, but again at a significantly lower frequency than WT neurons ( Figures S4F-S4H ). These data suggested that the Slit secreted by migrating new neurons induces cell-shape changes in astrocytes through Robo signaling.
We then compared the speed of the new neurons migrating on Robo DN-expressing and control astrocytes. The mean migration speed of the new neurons on Robo DN-expressing astrocytes was significantly lower than on control astrocytes ( Figures  7G-7I ). Taken together, these results suggest that the Slit1 secreted by new neurons alters the morphology of astrocytes through the astrocytes' Robo receptors, thereby promoting the fast migration of new neurons in contact with the astrocytes.
DISCUSSION
Cell migration is controlled by extracellular cues within and near the cell's path. Here, we present evidence that the young neurons in the RMS of the adult brain help maintain an environment that is permissive for their own migration by actively modifying the astrocytic morphology.
In the embryonic neocortex, immature neurons are generated from precursors in the cortical ventricular zone and SVZ and migrate along radial glial fibers to populate the cortical plate (Hatten, 2002; Miyata et al., 2001; Rakic, 1971; Rakic, 1972) . The formation and maintenance of radial glia is partly controlled by signals from the migrating neurons (Anton et al., 1997; Schmid et al., 2003; Zheng et al., 1996) , suggesting that the migrating neurons in the developing brain help regulate the morphology and function of cells along their migration route. However, the molecular mechanisms and dynamic anatomical changes used by the new neurons to regulate their migratory microenvironment have not been elucidated.
The postnatal brain offers unique opportunities for studying how young neurons regulate their migratory environment. Since the migratory routes are very long compared to those in the embryo, the migrating cells often have to navigate very complex territories, and migration is not a transitory phenomenon, but one that occurs throughout life. The long-distance migration of new neurons occurs in the SVZ-RMS-OB pathway in adult rodents and other mammals. Radial glia disappear within the first few postnatal days, and complex circuits of neuronal fibers and vasculature subsequently develop, accompanied by rapid increases in the numbers of other glial cells, including astrocytes. Therefore, new neurons in the adult brain migrate through densely packed tissue without the assistance of radial glia. Instead, SVZ-RMS new neurons migrate along one another, forming chains within glial tubes formed by astrocytes (Doetsch and Alvarez-Buylla, 1996; Jankovski and Sotelo, 1996; Lois et al., 1996; Wichterle et al., 1997) . The glial tubes largely separate the chains of new neurons from the surrounding brain parenchyma, which helps to maintain the migration route. Genetic defects in glial tube formation have been reported, and these defects coincide with the abnormal migration of new neurons (Anton et al., 2004; Belvindrah et al., 2007; Chazal et al., 2000; Ghashghaei et al., 2006) . However, the precise molecular interactions between SVZ-RMS migrating new neurons and their surrounding astrocytes have not been determined. Here, we showed that signaling between new neurons, which secrete Slit1 (Nguyen-Ba-Charvet et al., 2004) , and astrocytes, which express Robo receptors, is critical for both the migration of new neurons and the formation and maintenance of the astrocytic tunnels.
The new neurons in S1 À/À mice were reported to have defects in chain formation and directional migration in the SVZ and RMS (Nguyen-Ba-Charvet et al., 2004) . Using time-lapse recording of migrating new neurons in the RMS of organotypic cultures and retroviral labeling of new neurons in vivo, we directly demonstrated that S1 À/À new neurons migrate significantly more slowly than WT new neurons (Figure 1 ). We also showed that WT new neurons failed to migrate efficiently when placed in the RMS of a S1 À/À brain (Figure 2 ). In the S1 À/À brain, new neurons formed chains surrounded by glial tubes, but the morphology and arrangement of the astrocytic processes were significantly affected (Figure 4 ). These phenotypes suggested that Slit1 is involved in the formation and maintenance of glial structures that are permissive for normal long-range neuronal migration. It is generally accepted that Slit proteins assist in the directional migration of new neurons born in the adult SVZ: Slit1 and Slit2 secreted from the choroid plexus and the septum direct neurons rostrally, toward the OB (Hu, 1999; Hu and Rutishauser, 1996; Sawamoto et al., 2006; Wu et al., 1999) . Therefore, we expected that receptors for Slit would be expressed by the migrating new neurons. However, although the young neurons expressed low levels of the Robos, Robo2 and Robo3 were strongly expressed by the astrocytes forming the glial tubes (Figure 3) , suggesting that the Slits might also play a role in organizing astrocytes along the migration route. Consistent with this possibility, inhibiting the Robo signal in astrocytes, but not in neurons, decreased Slit's effect on the morphology and arrangement of astrocytes (Figures 7 and S2S-S2Z ). The knockout of Slit1 or knockdown of Robo in new neurons cultured without astrocytes did not affect their migration (Figures 6, S2W-S2Z , S3A, S3D, and S3G). However, we cannot rule out the possibility that the absence of Slit1 directly affects the migration of new neurons, as previously reported (Nguyen-Ba-Charvet et al., 2004) , because there are several methodological differences between our study and theirs. Instead, our results demonstrate a mechanism by which neuronal Slit1 affects astrocytes rather than new neurons in the formation and maintenance of glial structures that permit normal, long-range neuronal migration.
Using cultured astrocytes dissociated from the SVZ and RMS, we found that the Slits are a potential chemorepellent for SVZ/ RMS astrocytes. Slits altered the distribution of astrocytes in the culture dish by a process that depended on the presence of Robo receptors ( Figure 5 ). The endogenous Slit1 from new neurons did not completely ''repel'' the cell body of astrocytes, possibly because the concentration of Slit1 produced by the new neurons was not high enough. Instead, the Slit1 expression by new neurons directly affected the distribution and extension of astrocytic processes in the RMS (Figure 4) . Moreover, we demonstrated that the SVZ/RMS astrocytes underwent dynamic morphological changes that were dependent on Robo function and the association with migrating new neurons expressing Slit1 (Figures 6, 7 , and S4F-S4H and Movie S4). The transient elimination of migrating neurons by the infusion of an antiproliferative drug, Ara-C, resulted in disrupted astrocytic morphology, followed by reorganization of the glial tubes during neuronal regeneration ( Figures S4I-S4N ). Furthermore we observed dynamic morphological changes of astrocytes in whole-mount SVZ cultures (Movie S5). Therefore, the glial tubes are not static but can be dynamically remodeled by new neurons migrating in vivo. The observation that WT young neurons failed to migrate normally when grafted into the RMS of S1
À/À mice ( Figure 2 ) also suggests that an increased Slit1 concentration, resulting from its secretion by collections of new neurons in chains, may be required to exclude astrocytic processes from the neurons' migratory canal. Thus, the facilitation of migration by Slit1 within the SVZ and RMS may require the collective secretion of Slit1 by migrating neurons. Our demonstration that migrating new neurons control the morphology of astrocytes could help explain how groups of new neurons that have coalesced into chains migrate through a corridor that is largely devoid of astrocytic processes.
In conclusion, we report an aspect of neuronal chain migration, in which new neurons actively control the cellular environment of their own migratory route. Such a mechanism is likely to be more significant physiologically in the migration of adultborn neurons than in the radial glia-guided neuronal migration of the embryonic brain.
EXPERIMENTAL PROCEDURES Animals
Wild-type (WT) ICR mice were purchased from SLC (Shizuoka, Japan). The Slit1 mutant mice and Dcx-DsRed transgenic mice were described previously (Plump et al., 2002; Wang et al., 2007) . Gfap-EGFP mice were obtained from the Mutant Mouse Regional Resource Center. In accordance with the national regulations and guidelines, all experimental procedures were reviewed by the Institutional Laboratory Animal Care and Use Committee and approved by the President of Nagoya City University.
Time-Lapse Analyses of New Neurons Migrating in Brain Slices
Organotypic brain slices were prepared from P7-P8 mice as reported previously (Hirota et al., 2007; Murase and Horwitz, 2002; Suzuki and Goldman, 2003) with modifications. Dissected brains were cut into sagittal slices (325 mm thick), then cultured on a filter membrane (Millipore, Billerica, MA, USA) submerged in Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS, 2 mM L-glutamine, 2% B-27 (Invitrogen), and 50 U/ml penicillin-streptomycin. Before starting the time-lapse recording, a DiI crystal was applied to the posterior part of the RMS, and the slice was cultured for 8-13 hr in 5% CO 2 at 37 C. For the transplantation experiments, the dissected SVZ and RMS of P5-6 WT and S1 À/À mice were dissociated using trypsin-EDTA (Invitrogen). The dissociated WT and S1 À/À cells were labeled using the PKH-26 and PKH-67 Fluorescent Cell Linker Kit (Sigma, St. Louis, MO), respectively, reaggregated by centrifugation, cut into pieces (200 mm in diameter), and implanted into the posterior part of the RMS. The slices were cultured for 20-28 hr before recording.
Time-lapse video recordings were obtained using an inverted Zeiss confocal microscope LSM5 PASCAL (Carl Zeiss, Oberkochen, Germany) equipped with a stage top microscope incubator INU-ZI-F1 (5% CO 2 at 37 C, Tokai Hit, Shizuoka, Japan) using a 103 dry objective lens. Every 10 min, eight to ten optical Z sections (Z-steps: 8-12 mm) were obtained automatically over a period of 5 hr, and all of the focal planes were merged. The migration speed of the cells was quantified using NIH ImageJ version 1.38 software.
Histological Analysis
Animals were deeply anesthetized and perfused intracardially with 0.9% saline, followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer. The brain was extracted, postfixed in the same fixative overnight, and cut into 50 mm coronal or sagittal sections on a vibratome (VT1200S, Leica, Heidelberg, Germany). For immunostaining, the sections were incubated for 1 hr in blocking solution (10% donkey serum and 0.2% Triton X-100 in PBS) overnight at 4 C with the primary antibodies, which were diluted in the same solution, and for 2 hr at room temperature with Alexa Fluor-conjugated secondary antibodies (Invitrogen). Signal amplification was performed with biotinylated secondary antibodies (Jackson Laboratory, West Grove, PA) and the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), and the signals were visualized using the TSA Fluorescence System (PerkinElmer, Waltham, MA) or diaminobenzidine tetrahydrochloride (DAB). For nuclear staining, Hoechst, SYTOXorange, SYTOX-green, or TOTO3 iodide (Invitrogen) was used.
BrdU Labeling and Tissue Processing
BrdU (50 mg/kg body weight, dissolved in PBS) was intraperitoneally injected into 10-to 12-week-old mice. One hour later, the brain was fixed and processed into 50 mm coronal sections. Following incubation in 2 N HCl at 60 C for 30 min, the sections were incubated in PBS containing 1% H 2 O 2 , then immunostained with a rat anti-BrdU antibody (1:200, Abcam).
Quantification
The sections were examined using a confocal laser microscope (LSM5 Pascal, Zeiss) or fluorescence microscope (BX-51, Olympus, Tokyo, Japan). The number of immunoreactive cells was counted in every sixth coronal section (BrdU) or in serial sagittal sections (cleaved caspase-3), at a magnification of 4003.
To analyze the cytoarchitecture of the RMS, two coronal sections (550 mm apart) that had been immunostained with anti-Dcx and anti-GFAP antibodies were selected, and images of the horizontal limb of the bilateral RMS from both sections were captured by confocal laser microscopy (203 dry objective lens, Zeiss). The captured images were measured to determine the proportion of the GFAP+ area inside the RMS, using ImageJ software.
Electron Microscopic Analysis
Animals were deeply anesthetized and perfused intracardially with 30 ml of 0.9% saline followed by 100 ml of 2% PFA-2% glutaraldehyde in 0.1 M phosphate buffer. The brain was extracted, post-fixed with the same fixative overnight, and the RMS was cut into 500 mm coronal sections on a vibratome (VT1200S, Leica). The sections were postfixed with 2% OsO 4 in 0.1 M phosphate buffer for 2 hr, block-stained in 1% uranyl acetate, dehydrated with a graded series of alcohol, and embedded in Epon 812 (TAAB, Reading, UK). Silver sections were then cut with an ultramicrotome (Leica UC6; Leica Microsystems, Vienna, Austria), stained with uranyl acetate and lead citrate, and observed with an electron microscope (H-7100; Hitachi, Tokyo, Japan).
Electron micrographs of the chains of new neurons in the RMS of WT (n = 3) and S1
À/À (n = 3) mice were taken at random with a primary magnification of 34000. The images were printed on projection papers at 2.9 times the primary magnification. All analyses were performed within the core of the RMS. The contours and nuclei of all the cells included in an image were traced and classified as previously described (Doetsch and Alvarez-Buylla, 1996; Doetsch et al., 1997; Jankovski and Sotelo, 1996) into new neurons, astrocytes, and others. New neurons were identified by their very electron-dense nuclei and cytoplasm, whereas astrocytes were identified by their electron-lucent nuclei and cytoplasm and the presence of glycogen granules. To quantify the astrocytic processes inserted among the chains of new neurons, a double lattice test system with a 1.5 cm spacing was used (Uchiyama and Watanabe, 1984) . All of the points inside the chains of new neurons were classified as being on new neurons, astrocytes, other cells, or undetermined structures, then the percentage of points falling on astrocytes was calculated.
Retrovirus Microinjection and Tissue Processing
Each animal was given stereotaxic injections of 0.8 ml (0.1 ml at each of eight locations) of replication-incompetent retroviruses encoding the marker gene human placental alkaline phosphatase (DAP) harvested from the psi2 DAP cell line (American Type Cell Culture 1949-CRL) (Fields-Berry et al., 1992) into the anterior SVZ of each hemisphere. Three days later, the brains were fixed as described above, cut into 50 mm sagittal serial sections, and processed for alkaline phosphatase (AP) histochemistry as previously described (Fields-Berry et al., 1992) . The number of retrovirus-infected AP-stained (AP+) cells in the SVZ, RMS, and OB, respectively, was counted under 2003 magnification.
Culture of SVZ/RMS Astrocytes
The SVZ and RMS were dissected from postnatal day 10 (P10)-P12 WT or Gfap-EGFP mice in L-15 medium (Invitrogen) and dissociated with trypsin-EDTA (Invitrogen). The dissociated cells were washed with L-15 medium, plated, and cultured with DMEM containing 10% FBS, 50 U/ml penicillin-streptomycin, and 2 mM L-glutamine. To purify astrocytes from the mixed culture of SVZ/RMS tissue, the cells were replated three times at 3-4 day intervals, then incubated with shaking for 20 min before use.
Coculture of SVZ/RMS Astrocytes with Slit-Expressing Cells
Stably transfected HEK cell lines expressing the full-length Xenopus Slit protein, and control HEK cells transfected with the vector plasmid (Wu et al., 1999) were mixed with 2% collagen gel and plated as one 10 ml gel-cell aggregate in each well of 24-well plates. Following a 1 hr incubation to polymerize the cell-containing gel, the gel pieces were cultured with DMEM medium containing 2% FBS and 50 U/ml penicillin-streptomycin overnight. Cultured SVZ/ RMS astrocytes were resuspended in the same medium, plated into the same dish as the gel piece, and cultured at 37 C in a 5% CO 2 incubator. Seventy hours later, the cells were fixed with 4% PFA in 0.1 M phosphate buffer and immunostained with an anti-GFAP antibody. The distribution of GFAP+ cells on the gel pieces (within 500 mm of the edge) containing Slit-expressing cells and control cells were compared as follows: the merged images of nine optical Z-sections of the area at 5 mm intervals were obtained by confocal laser microscopy (103 dry objective lens, LSM5 PASCAL, Zeiss). The area that was GFAP+ in the 500 mm wide strip just inside the edge of the gel piece was determined using NIH ImageJ software.
Transfection of a Dominant-Negative Form of Robo Cultured astrocytes were transfected with a plasmid encoding either a GFPtagged dominant-negative form of Robo1 (Robo DN) or GFP (control) using Lipofectamine LTX Plus reagent (Invitrogen), three times at 12 hr intervals. Twelve hours after the final transfection, the cells were plated as described above, and then cultured for 60 hr before fixation.
Migration of New Neurons Associated with Cultured SVZ/RMS Astrocytes
The SVZ was dissected from P0-2 WT and S1 À/À mice, the cells were dissociated and reaggregated, and the aggregates were cut into pieces (150-200 mm in diameter), as described above. The pieces of WT and S1 À/À cells were plated on laminin-coated dishes or on monolayer cultures of SVZ/RMS astrocytes transfected with Robo DN or control vector (GFP), from WT or Gfap-EGFP mice and cultured for 24-36 hr, before imaging. The migration behavior of new neurons and their interaction with astrocytes were recorded by timelapse imaging at 6 or 8 min intervals for 3-5 hr using confocal microscopy. The tracks of continuously migrating cells with the typical morphology of new neurons that could be traced for more than 40 min were used to calculate the migration speed in each situation.
To observe the furrow formation on astrocytes in 3D culture, the aggregates of SVZ cells dissociated from Dcx-DsRed mice were embedded into Matrigel in which SVZ/RMS astrocytes from Gfap-EGFP mice were suspended. After 24 hr of culture, time-lapse images were automatically captured by a confocal laser microscope (LSM710, Zeiss), every 2 min as 20 optical Z sections (Z-steps: 1 mm), for 3 hr.
Statistical Analysis
All data were expressed as the mean ± standard error of the mean (SEM). Differences between means were determined by two-tailed Student's t test or one-way ANOVA followed by a Tukey-Kramer multiple comparison test. A p value of <0.05 was considered significant.
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